The Aspergillus nidulans endocytic internalization protein SlaB is essential, in agreement with the key role in apical extension attributed to endocytosis. We constructed, by gene replacement, a nitrate-inducible, ammonium-repressible slaB1 allele for conditional SlaB expression. Video microscopy showed that repressed slaB1 cells are able to establish but unable to maintain a stable polarity axis, arresting growth with budding-yeastlike morphology shortly after initially normal germ tube emergence. Using green fluorescent protein (GFP)-tagged secretory v-SNARE SynA, which continuously recycles to the plasma membrane after being efficiently endocytosed, we establish that SlaB is crucial for endocytosis, although it is dispensable for the anterograde traffic of SynA and of the t-SNARE Pep12 to the plasma and vacuolar membrane, respectively. By confocal microscopy, repressed slaB1 germlings show deep plasma membrane invaginations. Ammonium-to-nitrate medium shift experiments demonstrated reversibility of the null polarity maintenance phenotype and correlation of normal apical extension with resumption of SynA endocytosis. In contrast, SlaB downregulation in hyphae that had progressed far beyond germ tube emergence led to marked polarity maintenance defects correlating with deficient SynA endocytosis. Thus, the strict correlation between abolishment of endocytosis and disability of polarity maintenance that we report here supports the view that hyphal growth requires coupling of secretion and endocytosis. However, downregulated slaB1 cells form F-actin clumps containing the actin-binding protein AbpA, and thus F-actin misregulation cannot be completely disregarded as a possible contributor to defective apical extension. Latrunculin B treatment of SlaB-downregulated tips reduced the formation of AbpA clumps without promoting growth and revealed the formation of cortical "comets" of AbpA.
Germinating asexual spores (conidiospores) of Aspergillus nidulans transiently undergo isotropic growth ("swelling") before establishing a polarity axis that grows by apical extension, leading to the characteristic tubular morphology of the fungal cell (15, 16, 33) . Stable maintenance of a polarity axis at the high apical extension rates of A. nidulans (ϳ0.5 m/min at 25°C) (23) can be attributable, at least in part, to the polarization of the secretory apparatus and the predominant and highly efficient delivery of secretory vesicles to the apex (8, 18, 40, 49) . In addition, work from several laboratories strongly indicated that hyphal tip growth also involves endocytosis. A key observation supporting this involvement was that despite the fact that endocytosis can occur elsewhere, the endocytic internalization machinery predominates in the hyphal tip, forming a subapical collar. The spatial association of this collar with the apical region where secretory materials are delivered would allow removal of excess lipids/proteins reaching the plasma membrane with secretory vesicles (1, 2, 30, 49, 51, 57) , but, most importantly, rapid endocytic recycling (i.e., efficient endocytosis of membrane proteins followed by their redelivery to the plasma membrane) can generate and maintain polarity, as shown with the v-SNARE and secretory-vesicle-resident SynA, which is a substrate of the subapical endocytic ring (1, 49, 52) . It is plausible that such a mechanism could drive the polarization of one or more proteins acting as positional cues to mediate polarity maintenance.
Genetic evidence strongly supported the conclusion that endocytosis is required for apical extension. Mutational inactivation of the A. nidulans fimbrin FimA or of the small GTPase ArfB Arf6 (a regulator of endocytosis from fungi to mammals), led to delayed polarity establishment and morphologically aberrant tips indicative of polarity maintenance defects (30, 51) . These mutations, although very severely debilitating, are not lethal. In contrast, heterokaryon rescue showed that SlaB, a key F-actin regulator of the endocytic internalization machinery (26) , is essential in A. nidulans (2) . slaB⌬ cells are able to establish polarity, but they arrest in apical extension during the very early steps of polarity maintenance with a bud-like germ tube (2) . However, work with Aspergillus oryzae using a thiamine-repressible promoter to drive A. oryzae End4 (AoEnd4) (SlaB) expression showed that although endocytosis was prevented and hyphal morphology altered under repressing conditions, hyphal tip extension and polarity maintenance were not completely abolished (20) , perhaps suggesting that the phenotype of the thiamine-repressed conditional allele might not fully resemble the null phenotype.
F-actin strongly predominates in the hyphal tips (2, 14, 17, 49, 51) . Because endocytic internalization is powered by Factin (27) , predominance of endocytic "patches" (i.e., sites of endocytic internalization) in the tip accounts, at least in part, for F-actin polarization. However, F-actin plays fundamental nonendocytic roles in the tip; for example, actin cables nucleated by the SepA formin localizing to the apical crescent are thought to play a major role in secretion, whereas a network of F-actin microfilaments appears to be a major component of the Spitzenkörper (4, 21, 43, 49) . Notably, all genes used to address the role of endocytosis in apical extension share in common their involvement in regulating F-actin. Thus, the Saccharomyces cerevisiae ArfB orthologue Arf3p regulates endocytosis but also appears to regulate F-actin at multiple levels (12, 28, 44) . Like their respective S. cerevisiae orthologues Sla2p and Sac6p, SlaB and FimA are key components of endocytic patches, but in budding yeast their orthologues appear to regulate F-actin dynamics beyond endocytosis (27, 35, 56) .
To gain insight into the essential role of SlaB in A. nidulans, we designed a conditional expression allele. Time-lapse microscopy under restrictive conditions demonstrated that polarity establishment is essentially normal but that these mutant germ tubes arrested in apical extension subsequently undergo swelling, acquiring the characteristic bud-like shape of abortive slaB⌬ germlings. Medium shift experiments allowed us to address the role of SlaB in apical extension beyond these early stages of polarity maintenance. We demonstrate the key role that SlaB plays in endocytosis and polarity maintenance, but we also show that deficiency of SlaB affects the actin cytoskeleton.
MATERIALS AND METHODS

Aspergillus nidulans techniques.
A. nidulans strains, whose genotypes are detailed in Table 1 , carried markers in standard use (11) (http://www.aspgd.org/). slaB1 strains were routinely cultured on 1% (wt/vol) glucose synthetic complete (SC) medium containing 10 mM nitrate as the sole nitrogen source or, alternatively, on Aspergillus complete medium (MCA) supplemented with 50 mM nitrate. SC containing 10 mM ammonium tartrate, which prevents growth of mutant colonies, was used to score the presence of slaB1 in the progeny of meiotic crosses.
Plasmid and strain constructions. The niiA promoter used for conditional expression corresponds to the complete intergenic region of the niiA-niaD divergent transcriptional unit as oriented with the direction of transcription toward niiA. p1863 was the source of the linear DNA fragment that was used to replace resident slaB by niiA p ::slaB (slaB1). The plasmid is schematically depicted in Fig.  1A . Briefly, a fragment containing 0.72 kbp of the 5Ј untranslated region (5ЈUTR) of slaB was PCR amplified using primers Sla1PROM and AM140. This fragment was introduced (as an XhoI-EcoRI fragment) into a pBS-SK(ϩ) plasmid derivative containing (as an EcoRI-SpeI fragment) the A. fumigatus pyrG gene, thus yielding plasmid p5ЈSlaB::pyrG fum . A chimeric DNA fragment carrying niiA p (considering as such the complete intergenic region of the niiA-niaD divergent transcriptional unit as oriented with the direction of transcription toward niiA) followed by the coding region (including introns) of slaB was assembled by fusion PCR (with primers AM141, AM142, AM143, and Slao13). This fragment was inserted downstream of pyrG fum as an SpeI-NotI fragment and sequenced to verify the absence of mutations. An XhoI-NotI fragment containing the resulting niiA p ::slaB transgene was used for transformation of strain MAD1739 (pyrG89; pyroA4 ⌬nkuA::bar) ( Table 1 ). As slaB is essential, we selected primary transformants on osmotically stabilized minimal medium without uracil (50) and containing 10 mM nitrate (permissive conditions). Homokaryotic clones were purified from conidiospores of these transformants and tested by replica plating on nitrate and ammonium media. All 25 clones tested showed the phenotype expected for the gene replacement (normal growth on nitrate and no growth on ammonium; we used an nkuA⌬ strain to prevent nonhomologous recombination [37] expression of green fluorescent protein (GFP)-Pep12, we used a plasmid in which the gpdA mini promoter was used to drive expression of A. nidulans Pep12 (genomic version). Details of this plasmid will be given elsewhere. This plasmid was targeted in single copy to the pyroA locus as described previously (40) .
Culture conditions for microscopy of slaB1 cells. Unless otherwise indicated, we routinely used pH 6.5 WMM (41) containing 10 mM nitrate (permissive conditions) or 40 mM NH 4 Cl (restrictive conditions) as a nitrogen source and 0.2% (wt/vol) glucose (ϳ11 mM) as a carbon source. However, in medium shift experiments in which hyphae were germinated under permissive conditions before being transferred to restrictive conditions, we used 0.1 to 1 mM nitrate for permissive conditions to avoid carryover contamination due to the use of an unnecessarily high concentration of nitrate during germination. Appropriate controls were set to show that the morphological abnormalities observed were specifically resulting from the shift from nitrate-to ammonium-containing medium. For medium shift experiments, appropriately diluted conidiospore suspensions were inoculated onto 20-by 20-mm coverslips that had been deposited, using sterile tweezers, onto wells of LabTech polystyrene six-well tissue culture plates (Becton-Dickinson, NJ) containing 2.5 ml of 0.1 mM nitrate-WMM. Plates were incubated for 10 to 12 h at 25°C until the average germ tube length of the resulting hyphal cells was at least ϳ25 to 50 m. After this initial period of incubation, coverslips to which hyphae were attached were washed two times with prewarmed (at 25°C) 40 mM NH 4 Cl-WMM (using suction to remove the medium) before addition of 2.5 ml of the same medium and continuation of incubation for a further 12 to 14 h at 25°C. In controls in which cells that were germinated on 0.1 mM nitrate medium were transferred to the same medium, the second period of incubation was reduced to 6 to 8 h to avoid excessive growth, as these hyphal tips grew normally.
In medium shift experiments in which abnormal cells that were germinated (for 10 h at 25°C) on 40 mM NH 4 Cl were shifted to permissive conditions, we used 10 mM nitrate for the second incubation period. In this case, controls were set in which cells germinated on ammonium were shifted to the same (ammonium-containing) medium. Unlike cells shifted to nitrate, these cells remained arrested in the early stages of polarity maintenance, resembling cells that had been continuously incubated on ammonium medium.
In medium shift experiments in which ammonium downregulation was combined with latrunculin B (latB) treatment, cells were precultured on 0.1 mM nitrate for 9 to 10 h before being shifted to 40 mM ammonium or, in the case of controls, 10 mM nitrate medium containing 10 or 25 M latrunculin B (Calbiochem) (from a 10 mM stock in dimethyl sulfoxide [DMSO] ; appropriate controls demonstrated that addition of DMSO alone had no effect). After the transfer, cells were incubated for an additional 12 to 14 h before being photographed. These concentrations of latrunculin B permitted germination of slaB1 cells on nitrate and are thus sublethal.
Microscopy. Epifluorescence microscopy was carried out essentially as described previously, using a Nikon Eclipse 80i or Leica DMI6000 microscope for static and time-lapse sequences, respectively, and a Dual-View beam splitter for simultaneous acquisition of GFP and monomeric red fluorescent protein (mRFP) channels (19, 40) . For confocal microscopy, we used a Leica SP3 or SP5 device with acusto-optical beam splitters, 63ϫ and 1.4-numerical aperture (NA) objectives, and laser lines of 488 nm for GFP and 561 nm for mRFP. These images were processed with Leica software and converted to Metamorph stacks and, when needed, to time-lapse movies using ImageJ (http://rsbweb.nih.gov/ij/).
Anti-SlaB polyclonal antiserum. We used the Escherichia coli vector pOPTH (39) to drive high-level expression of a peptide consisting of the 205 C-terminal residues of SlaB, which include the complete I/LWEQ domain. This peptide was fused to an N-terminal hexa-His tag. The peptide was purified by Ni 2ϩ affinity chromatography and used to immunize rabbits. E. coli cells carrying pOPTH-I/ LWEQ were induced with 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 3 h at 37°C; collected by centrifugation; resuspended in 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl, 40 mM imidazole, 1 mM Pefabloc (Roche), 1 mM dithiothreitol (DTT), 0.05% (vol/vol) Triton X-100, and Roche's protease inhibitors; and lysed using a French press. The resulting lysate was cleared by centrifugation and loaded onto a 5-ml HisTrap-FF column. The peptide was eluted using a linear 40 mM to 500 mM imidazole gradient. Appropriate fractions were pooled, dialyzed against phosphate-buffered saline (PBS), and used to immunize rabbits (by Davids Biotechnology GmbH, Regensburg, Germany).
SlaB Western blotting using total protein extracts. The protocol for SlaB Western blotting is a modification for A. nidulans of the alkaline lysis extraction procedure used for S. cerevisiae (47) . Mycelia, cultured under the different growth conditions indicated, were collected by filtration (or by centrifugation in the case of slaB1 cells cultured on ammonium), frozen in dry ice, and lyophilized. Lyophilized cells (in 2-ml screw-cap tubes) were homogenized by using an FP120 Fast Prep cell disruptor and a 0.5-mm ceramic bead, with a 10-s pulse at a setting of 4. Carefully weighted aliquots of powdered biomass (3 to 5 mg per sample) were transferred to Eppendorf tubes, and the proteins were solubilized after addition of 1 ml of lysis solution (0.2 M NaOH and 0.2% [vol/vol] ␤-mercaptoethanol) per tube. Tubes were vortexed vigorously and maintained on ice for 10 min before proteins were collected by precipitation with 5% (vol/vol) trichloroacetic acid (TCA) followed by centrifugation at 14,000 ϫ g for 5 min at 4°C. The resulting pellets were resuspended in 1 M Tris base (0.1 ml), mixed with 2 volumes of Laemmli loading buffer, and incubated for 2 min at 100°C. Proteins (2 to 5 l of each sample) were resolved in 10% SDS-polyacrylamide gels before being electrotransferred to nitrocellulose filters, which were reacted either with a rabbit polyclonal antibody (raised against the SlaB 206 C-terminal residues) (1/10,000) or, for loading controls, with mouse antiactin monoclonal antibody (1/75,000) (clone C4, ICN Biomedicals Inc.). Peroxidase-coupled goat anti-rabbit (Sigma) antiserum at 1/10,000 and peroxidase conjugated goat anti-mouse IgG immunoglobulin (Jackson) at 1/6,000 were used as a secondary antibodies, respectively. Peroxidase activity was detected with Amersham Biosciences ECL.
RESULTS
A system to construct conditional mutations of essential genes using the niiA promoter. To manipulate SlaB protein dosage, we chose the well-characterized niiA p (nitrite reductase) promoter for several reasons. First, the regulation of this promoter has been thoroughly studied (5-7, 36, 42) . The promoter is repressible by ammonium, which inactivates the widedomain positively acting transcription factor AreA, and is inducible by nitrate through activation of the pathway-specific, also positively acting, transcription factor NirA (7, 9) . Full expression takes place in the absence of ammonium and the presence of nitrate. Second, both nitrate and ammonium are excellent nitrogen sources for A. nidulans. Third, even in the complete absence of AreA (possibly a more extreme condition in terms of reducing expression than the complete repression by ammonium), expression of niiA p is depressed but still inducible (i.e., still responds to nitrate) to a significant extent (42) . However, under repressing and noninducing conditions, niiA p expression is virtually nil (42) . An niiA p ::slaB cassette containing slaB flanking sequences that was constructed by fusion PCR (48), cloned, and entirely sequenced to rule out the presence of mutations was used to replace the resident slaB gene by homologous recombination under expression-permissive conditions ( Fig. 1A ) (see Materials and Methods). This slaB allele was denoted slaB1. On synthetic complete (SC) plates, slaB1 strains grew and conidiated normally when the medium contained sodium nitrate as an N source, but they were completely unable to grow when ammonium tartrate was used instead ( Fig. 1B ; see also below). These data agree with our previous conclusion, based on heterokaryon rescue, that A. nidulans slaB is essential (2) .
To monitor SlaB levels by Western blotting under different nutrient conditions, we raised a polyclonal antiserum against its 205-residue C-terminal, actin-interacting I/LWEQ domain (32) . This antiserum detected SlaB with high specificity: Fig.  1C shows that in wild-type cells, antibodies react with a protein with the expected M r for SlaB. This band is absent in a strain expressing endogenously tagged SlaB-GFP, where the antiserum reacts with a lower-mobility band corresponding to the fusion protein.
For determining SlaB levels by Western blotting, it is important to note that we used an adaptation for A. nidulans of the alkaline lysis method designed for S. cerevisiae (47) (see Materials and Methods) to obtain total cell extracts. This 1506 HERVÁ S-AGUILAR AND PEÑ ALVA EUKARYOT. CELL method, based on the direct solubilization of the biological material using sodium hydroxide, avoids proteolysis of the antigen and does not require removal of cell debris from lysates. Thus, it is ideally suited for accurate estimation of protein levels because it prevents variability due to the loss of a proportion of the antigen with insoluble fractions, as happens, for example, with SlaB. In the wild type, using media containing 40 mM ammonium chloride and 10 mM sodium nitrate as fully repressing and inducing conditions for the transgene, respectively, SlaB levels were similar independently of whether the cells had been cultured on nitrate or ammonium. In contrast, in the slaB1 mutant SlaB levels were notably higher than in the wild type under inducing conditions and were virtually undetectable under repressing conditions (Fig. 1D) . These data established the validity of the genetic switch for conditional expression.
The terminal phenotype of slaB1. Microscopic observations confirmed that slaB1 conidia germinated normally on 10 mM nitrate ( Fig. 2A) . Thus, we determined the terminal phenotype of slaB1 after germination in medium containing 40 mM NH 4 Cl. Under such conditions, mutant spores broke dormancy, underwent isotropic swelling, and, in most cases, were able to establish polarity, but their germ tubes were abnormally wide and arrested in apical extension shortly after their emergence. Thus, slaB is crucially required at early stages of polarity maintenance. As germinated spores showed an abnormally large diameter (the micrographs in Fig. 2AЈ and in Fig. 2B and C are at the same magnification), we concluded that SlaB deficiency delays polarity establishment.
The most abundant slaB1 morphotype (see also below) was a short germ tube resembling a large bud (Fig. 2C) , which is remarkably similar to that of slaB⌬ germlings originating from conidiospores rescued from heterokaryons (2) . This and the fact that, as seen with slaB⌬ spores, the abnormal slaB1 germlings displayed characteristic indentations on their surface (see also below) led us to conclude that under restrictive conditions, slaB1 phenotypically resembles the null allele.
We confirmed that the "nose-like" structures represent abortive germ tubes and not abnormally swelled conidiospores by using time-lapse microscopy. Frames in Fig. 2D , corresponding to Movie S1 in the supplemental material, display the normal pattern of polarity establishment shown by slaB1 conidia germinated on nitrate (time zero of this sequence corresponds to ϳ4 h of incubation). Fig. 2E , corresponding to Movie S2 in the supplemental material (which should be consulted for a better understanding of the phenotype), shows several examples of slaB1 conidia that germinated on ammonium. The isotropic growth phase is slightly extended (time zero of this sequence corresponds to ϳ5 h of incubation), but, somewhat unexpectedly, the germ tubes that initially emerged were apparently normal. However, after a further 5 h, the growing tips arrested apical extension and grew isotropically. Despite the fact that the basal conidia continued growing isotropically for some time, the width of the arrested germ tubes reached the diameter of their corresponding swelled conidiospores, leading to a characteristic "budding-yeast-like phenotype." These experiments additionally revealed that some mutant cells undergo lysis upon prolonged incubation under restrictive conditions (Fig. 2E , encircled with dotted lines), further suggesting that the deficiency of SlaB leads to a major morphogenetic defect.
Normal apical extension correlates with the degree of slaB function. Even in the complete absence of AreA, niiA p is inducible by nitrate (42) . We predicted that in slaB1 strains, SlaB levels would be detectably higher under repressed and induced conditions (i.e., on a mixture of both ammonium and nitrate) than under repressed conditions (ammonium only [AreA is inactive]). Western blotting and microscopy confirmed this prediction. Even in the presence of 10 mM ammonium, addition of 1 or 10 mM nitrate led to substantial synthesis of SlaB (Fig. 3A, lanes 8 and 9) . However, 1 mM nitrate was clearly suboptimal, and 10 mM nitrate did not fully overcome ammonium repression (the latter condition has been described as "depressed") (42) (Fig. 3A , compare lines 8 and 9 with lane 1, corresponding to inducing conditions). In contrast, nitrate at 1 mM led to full induction when ammonium was replaced by the nonrepressing nitrogen source urea (Fig. 3A , compare lanes 1, 4, 5, 8, and 9), confirming the repressing effect of ammonium. Nonrepressing, noninducing conditions, as achieved with 5 mM urea in the absence of nitrate, also led to considerable SlaB synthesis (Fig. 3A , lane 2; compare with fully induced levels shown in lane 1, 4, or 5). These data illustrate the versatility of the niiA p driver to achieve different levels of expression.
We next exploited the different degrees of induction achievable in the presence of ammonium to correlate SlaB levels with normal polarity maintenance. Nearly all slaB1 conidiospores in a sample with n ϭ 106 showed wild-type polarity maintenance (i.e., led to normal hyphal tips after overnight incubation at 25°C) when 10 mM ammonium medium was supplemented with 1 mM nitrate (Fig. 3B) , conditions under which SlaB synthesis was clearly detectable (Fig. 3A, lane 8) . At below 1 mM nitrate, we could not confidently discriminate relatively minor increments in SlaB levels in our Western blots, but we determined by microscopy that addition of as little as 0.1 mM nitrate to ammonium-containing medium sufficed for normal polarity maintenance in Ͼ60% of slaB1 nascent tips (n ϭ 44) (Fig. 3B) . Importantly, the number of typically aberrant cells seen under semirestrictive conditions decreased and the number of normally polarized tips increased as the concentration of nitrate that was mixed with ammonium was increased, strongly indicating that normal polarity maintenance is crucially dependent on the availability of a sufficient amount of SlaB.
SlaB is required for endocytosis. We next determined that slaB1 cells cultured under restrictive conditions are deficient in endocytosis, using the secretory vesicle SNARE SynA (1, 49) as cargo. This integral membrane protein continuously undergoes endocytic recycling (i.e., it is secreted to the apical plasma membrane, endocytosed by the subapical endocytic ring, and redelivered from endosomes to the plasma membrane), which results in a markedly polarized plasma membrane localization (Fig. 4A) . In the wild type cultured on either ammonium or nitrate (not shown) and in the slaB1 mutant cultured on nitrate, SynA plasma membrane polarization is noticeable shortly after polarity is established (Fig. 4A and C) . In contrast, SynA shows no polarization in slaB1 cells cultured on ammonium, despite the fact that the protein localizes exclusively to the plasma membrane ( Fig. 4B and D) , demonstrating that the protein does not undergo normal endocytic indicating that the turnover of SynA also is essentially blocked. Thus, slaB1 prevents both the endocytic recycling and the endocytic downregulation of SynA, as expected from the pivotal role that SlaB plays in the endocytic internalization step. In contrast, the vacuolar membrane localization of the Pep12 t-SNARE, which does not need endocytosis because it travels to the vacuole from endosomes without reaching the plasma membrane, is unaffected (Fig. 4F, G, and H) . Thus, the virtually complete absence of SlaB prevents endocytosis. GFP-SynA labeling revealed that the plasma membrane was utterly deformed in these cells that were almost completely deficient in SlaB, which presented deep irregular invaginations of the plasma membrane that could be better resolved by confocal microscopy ( Fig. 4E shows a single section, but see Movie S3 in the supplemental material, showing tubular structures across the different sections, to appreciate the large size of these invaginations). These invaginations almost certainly account for the characteristic fenestrated aspect of the cell surface seen in Nomarski images of cells lacking SlaB (reference 2 and this work). In S. cerevisiae, Sla2p regulates actin polymerization during internalization of the endocytic vesicle, perhaps by preventing excessive Arp2/3-dependent polymerization of actin at endocytic sites (26) . The primary endocytic pits in yeast are tubular invaginations of up to 180 nm in depth (24) , and thus it is tempting to speculate that the nearly complete deficit of SlaB results in excessive polymerization of F-actin, leading to hypertrophy of equivalent A. nidulans endocytic invaginations. It has also been reported that an S. cerevisiae mutant with a myo5 missense mutation leading to defective fluid-phase endocytosis shows a large number of deep invaginations of the plasma membrane (25) .
Major disturbance of F-actin by SlaB deficiency. We next addressed the effects of downregulating SlaB on the organization of F-actin at endocytic sites, using AbpA as a reporter (AbpA does not label actin cables). As in the wild type (2), AbpA is seen in cortical patches in slaB1 germlings cultured under inducing conditions (Fig. 5A) . In contrast, when slaB1 cells were cultured under repressing conditions, the reporter weakly labeled a peripheral mesh but largely predominated in strongly fluorescent aggregates ( Fig. 5B and D; see Movie S4 in the supplemental material, showing a three-dimensional [3D] reconstruction). Large AbpA clusters often formed rod-like structures (Fig. 5C) , somewhat resembling S. cerevisiae "comets" seen with Abp1 in sla2⌬ cells (26) . However, S. cerevisiae comets are very abundant and originate at the cortex, whereas AbpA aggregates are usually one, at most two, per germling and are not associated with the cortex. Confocal imaging revealed that in some examples these AbpA aggregates look like fenestrated structures (Fig. 5E ). As noted above, Sla2/HipR proteins coordinate actin polymerization with the endocytic machinery (13, 26) . Sla2p possibly inhibits cortical Arp2/Arp3-dependent F-actin assembly (22) . Thus, unrestrained F-actin polymerization plausibly underlies the formation of these large AbpA aggregates.
Reversibility of the effects of slaB1. We carried out medium shift experiments to demonstrate reversibility. slaB1 spores were cultured on ammonium, and the resulting cells arrested in apical extension were shifted to medium containing 10 mM nitrate. If the time of the initial incubation on ammonium was extended beyond 14 h, only a minor proportion of the population of abnormal germlings gave rise to normal germ tubes after the shift to nitrate. Among 35 randomly photographed examples of these new germ tubes, 34% showed slight morphological abnormalities without marked SynA polarization. These findings almost certainly reflect the fact that abnormal slaB1 cells progressively lose viability upon incubation on ammonium (see above [Fig. 2]) . Indeed, if the length of the initial incubation period on ammonium was reduced to 10 h, virtually every abnormal slaB1 germling gave rise to one or more morphologically normal polarity axes after 6 to 8 h from the shift to nitrate (Fig. 6) . In each and every case these normal hyphae showed wild-type GFP-SynA polarization (Fig. 6) , indicating that normal apical extension correlates with resumption of SynA endocytosis. GFP-SynA fluorescence in the plasma membranes of the normal tips "induced" by nitrate was markedly weaker than that in their "mother" cells that had germinated under restrictive conditions (data not shown), in agreement with the contention that the "emerging" normal tip cells had reassumed the endocytic turnover of the v-SNARE.
The "new" normal-polarity axes induced by nitrate were never seen in control cells incubated on ammonium and shifted to ammonium (data not shown), demonstrating that these emerging hyphae reflect resumption of normal polarity maintenance/SynA endocytic recycling when SlaB synthesis is restored by nitrate.
SlaB is crucially involved in polarity maintenance in hyphae. The experiments described above demonstrated that SlaB is required for apical extension shortly after polarity establishment and showed that the proportion of tips undergoing normal apical extension appears to correlate with SlaB levels. These data would be consistent with two possible scenarios: (i) SlaB is exclusively required during an "early" stage of polarity maintenance but becomes dispensable after this stage, once the tip growth apparatus is set in place (see Discussion for more rationale), or (ii) SlaB is also required for polarity maintenance in hyphae. To address its involvement in maintaining polarity once germlings progress beyond the emergence of the germ tube, we used nitrate conditions (0.1 mM nitrate) permitting SlaB synthesis during the first 10 to 12 h of slaB1 spore germination and subsequently shut off the promoter by shifting these cells to high-ammonium conditions. The terminal phenotype of these cells was determined after an additional overnight incubation. We set up controls in which slaB1 cells germinated on 0.1 mM nitrate were shifted to nitrate medium. These cells gave rise to hyphae with normal (i.e., wild-type) tips and GFP-SynA polarization (Fig. 7A) . In contrast, microscopic analysis of the population of cells shifted from nitrate to ammonium led to the following conclusions. First and most important, cells undergoing this regimen grew and maintained polarity far beyond the "bud-like" stage at which control cells that had germinated on ammonium arrested, in agreement with the conclusion that SlaB is required during the early stages of polarity maintenance ( Fig. 7B [two cells showing the 
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HERVÁ S-AGUILAR AND PEÑ ALVA EUKARYOT. CELL "early" polarity-arrested phenotype that possibly germinated after shutting off the promoter are circled for comparison]). Figure 7B also shows that the predominating morphotype consists of hyperbranched hyphae showing abnormally wide diameters. The large majority of the primary and secondary tips in these abnormal hyphae were bulged, and, very frequently, hyphal tubes had a "ruffled" aspect near the tips, with abundant small heaps poking up that appear to represent abortive events of subapical branching (Fig. 7C) , such that some tips showed a characteristic "deer antler" shape (Fig. 7D) . Thus, these experiments strongly support the contention that SlaB is crucially required for polarity maintenance also in hyphae. Abnormal (shifted-to-ammonium) hyphae also showed a completely uniform distribution of GFP-SynA across their whole length (Fig.  7B to D) and contained accumulations of GFP-SynA corresponding to large invaginations of the plasma membrane resembling those seen in cells directly germinated on ammonium (see above). Both the lack of SynA polarization and these accumulations were also seen even in those hyphae that, although still showing abnormal subapical branching and a certain degree of tip swelling, were more normal morphologically (Fig. 7E) . Thus, we concluded that in cells shifted to ammonium SlaB had been downregulated to a level insufficient to support normal endocytosis and thus that deficient apical extension correlates with deficient endocytosis. F-actin phenotype in slaB1 hyphae shifted to repressing conditions. Some of morphological abnormalities described above somewhat resembled the effects of misregulating F-actin at the A. nidulans tip region (53). As noted above, abnormal germlings germinated on ammonium (and therefore almost totally devoid of SlaB) frequently show "chunks" of actin/ AbpA. Thus, we observed by epifluorescence microscopy slaB1 cells expressing AbpA-mRFP that had been subjected to the medium shift (i.e., nitrate-to-ammonium) protocol described above. In control experiments in which slaB1 cells germinated on nitrate were shifted to nitrate, hyphae were morphologically normal and AbpA-mRFP patches were polarized at the tip region (Fig. 8A) (2) . In marked contrast, slaB1 AbpA-mRFP cells germinated for 12 h on nitrate medium and subsequently shifted to ammonium medium closely resembled their slaB1 GFP-SynA counterparts subjected to the same nutritional regime in their hyperbranching and in that they also showed abnormally wide germ tubes and swollen tips (Fig. 8B to E) . This indicates that these strong morphological phenotypes cannot be attributed to the fluorescent reporters. In some swollen tips, slaB1 AbpA-mRFP patches, although often obscured by strongly fluorescent AbpA clumps (see below), were abnormally numerous (Fig. 8B) . Abnormally abundant AbpA-mRFP patches are also noticeable in A. oryzae hyphae downregulated for SlaB End4 (20) . However, the most noticeable aspect of the AbpA-mRFP distribution in these cells is the presence of bright clumps of AbpA-mRFP (Fig. 8C to E) . These clumps were often associated with abnormal tips (Fig. 8D and E) but could be found elsewhere across the hyphal germ tube and in (Fig. 8C ). These clumps of AbpA have not been observed in A. oryzae, perhaps because our repressed slaB1 allele is able to downregulate protein levels to a greater extent than the thiA promoter-based system used with A. oryzae (20) . In any case, our data above show that the nearly complete deficiency of SlaB leads to an important major disturbance of the actin cytoskeleton. As F-actin is required for apical extension, one possible explanation for the polarity defect of downregulated slaB1 tip cells would be that key F-actin regulators are sequestered in the actin clumps. To gain insight into this possibility, we used latrunculin B (latB), a drug which prevents polymerization of actin monomers (34) . In previous work we showed that 100 M latB disassembles endocytic patches and prevents apical extension (2, 40, 49) . At 10 to 25 M, latB impairs growth but, under SlaB-sufficient (nitrate) conditions, does not preclude the formation of hyphae (Fig. 9B) . As expected, these hyphae showed polarity maintenance defects, with bulged and often dichotomous tips (Fig. 9B) . They also showed prominent actin patches, demonstrating that actin polymerization is not fully prevented under these conditions, although at 25 M these patches were fully depolarized (compare Fig. 9A and B) . Notably, incubation in the presence of latB led to a marked increase in hyphal tube width, leading to "giant" cells ( Fig. 9A and B are shown at the same magnification; panels a2 in Fig.  9A and b2 in Fig. 9B are also equally enlarged) .
We next used latB in slaB1 cells downregulated by ammonium. In agreement with the mechanism of latB action, the drug markedly decreased the formation of actin clumps (Fig.  9D) such that, at 25 M, these were either absent or markedly less prominent in a major proportion of the tips (Fig. 9D, panel  d1 ). These SlaB-downregulated and latB-treated cells also showed a very notable increase in the proportion of cortical actin patches, apparently at the expense of actin "clumps" (compare Fig. 9C and D) . In this hyperabundance of actin patches, these cells resemble S. cerevisiae sla2⌬ mutants (22) . SlaB downregulation and latB treatment showed additivity, resulting in an stronger effect on the morphology of the tips than either alone (Fig. 9D ). For example, many tips formed large bubbles densely populated by cortical actin patches (Fig.   FIG. 6 . Reversibility of the polarity maintenance-arrested phenotype resulting from SlaB downregulation. Medium shift experiments showing that SlaB is required for polarity maintenance and endocytosis in hyphae. (A) Nomarski and epifluorescence (in inverted contrast) images of a slaB1 hyphal tip cell expressing GFP-SynA, germinated for 10 h on 0.1 mM nitrate medium and shifted to the same medium for additional incubation. Note the normal hyphal polarization of GFP-SynA correlating with normal hyphal morphology. (B) Large epifluorescence microscopy field (GFP channel, inverted contrast) of slaB1 cells that had been germinated on nitrate medium before being shifted to ammonium medium. Note the abnormal branching and morphology of the hyphae and the abnormally swollen hyphal tips. The two cells circled in blue represent two spores that appeared to be in an early stage of germination when the culture was shifted to repressing conditions (note that germination is not synchronous). (C) Enlarged details of slaB1 tips (GFP-SynA fluorescence, inverted channel) corresponding to cells germinated on nitrate medium and shifted to ammonium conditions. Note the abnormally swollen tips, the GFP-SynA accumulations, and the "ruffled" aspect of the hyphal tubes. (D) Enlarged slaB1 tip (Nomarski and GFP-SynA fluorescence channels) from a culture germinated on nitrate medium and shifted to ammonium conditions. Note the emergence of subapical, consecutive, and seemingly abortive branch primordia and the plasma membrane invaginations seen with GFP-SynA when endocytosis is deficient. (E) A hyphal tip (Nomarski and GFP-SynA fluorescence channels) from a culture germinated on nitrate medium and shifted to ammonium conditions. Note the swollen tip, the abnormal occurrence of a branch in a hyphal tip compartment, and the presence of two plasma membrane invaginations near the base of this branch.
9D, panels d2 and d3). These "bubbles" were never seen in cells treated with latB only or shifted to ammonia only. As expected, tip bubbles do not internalize GFP-SynA (Fig. 9D,  panel d4) . Thus, the finding that latB interferes with the formation of actin clumps without reverting the polarity defects resulting from SlaB downregulation would support the view that the endocytic defect itself rather than the sequestering of actin regulators in actin clumps is responsible for the morphological abnormalities. However, these experiments should be interpreted with caution, as the additive effect of the two treatments could reflect that either alone leads to a deficit of actin monomers which would be worsened by their combination, thereby preventing apical extension.
In any case, the finding that latB prevents the formation of actin clumps in SlaB-deficient cells supports the view that Sla2/ SlaB restrains excessive actin polymerization at endocytic patches (26) . Unexpectedly, time-lapse imaging of patches in SlaB-deficient tips treated with latB (Fig. 9D, panel d3 ; see Movie S5 in the supplemental material) revealed that AbpA forms comet-like structures resembling those observed in S. cerevisiae sla2⌬ mutants (26) . Like their yeast counterparts, AbpA comet-like structures are attached to the cortex in one end, with the other waving in the cytoplasm (see Movie S5 in the supplemental material). These comet-like structures presumably result from the uncoupling of actin polymerization and vesicle formation at endocytic sites (26) . It is tempting to speculate that in latB-untreated cells, actin clumps rather than comets are formed when SlaB is downregulated due to the high local levels of unrestrained actin polymerization associated with the A. nidulans hyphal tip, which is densely populated by endocytic patches.
DISCUSSION
For A. nidulans and Ustilago maydis, evidence strongly suggests that endocytosis is intimately associated with hyphal tip growth (2, 30, 45, 46, 49, 51) . However, the actual contribution of endocytosis to apical extension remains to be clarified.
A combination of localized apical delivery coupled to slow diffusion and rapid endocytic recycling suffices to generate polarity (31, 49, 52, 54) . Thus, one attractive although hypothetical possibility is that A. nidulans uses endocytosis to maintain the dynamic localization of a membrane polarity landmark(s) (51) . One plausible candidate would be A. nidulans Cdc42 (31). Although A. nidulans Cdc42 is dispensable for polarity maintenance because its roles may be partially redundant with those of Rac1 (a Rac1 orthologue is absent in S. cerevisiae), Cdc42 misregulation leads to polarity establishment and maintenance defects (53) .
Cells cultured on ammonium and thus deficient for SlaB can establish polarity and arrest shortly after germ tube emergence. Although these cells still contain minute levels of SlaB, this phenotype resembles the null phenotype (2). It is important to note that a homozygous null sla2 mutant of the dimorphic fungus Candida albicans, which can grow as yeast, cannot form hyphae (3). Thus, that report and our data strongly indicate that slaB/SLA2 is important for apical extension during hyphal morphogenesis.
The very strong, depolarized GFP-SynA plasma membrane fluorescence seen in slaB1 cells germinated on ammonium demonstrates that they are fully deficient in endocytosis and, in passing, that SlaB is not required for traffic from the Golgi apparatus to the plasma membrane. It is not required for biosynthetic traffic from the Golgi apparatus to the endosomal system either, as the endosomal t-SNARE Pep12 also reaches its normal locale at the vacuolar membrane under repressing conditions. This is an important control because in mammals Hip1R is involved in the traffic of Golgi-derived vesicles bound to the endosomal system (10). Shift-up experiments demonstrated that the endocytic and polarity maintenance phenotypes are fully reversible and that normal hyphal tip morphology essentially correlates with recovery of SynA turnover.
Markedly slower apical extension of germlings compared to hyphae indicates that these two "cell types" differ substantially (23) . The fact that germlings can establish and maintain polarity in the absence of microtubules (MTs) (38) suggests that transport of secretory materials to their growing tips is mediated by actin microfilaments. We thus considered the possibility that the failure of slaB1 germlings to maintain polarity could involve a "general" role of SlaB in F-actin regulation. If secretion coupled to endocytic recycling were required to create and maintain an apical domain containing, for example, the actin microfilament organizer Cdc42, short germlings could be more crucially dependent on an actin regulatory function of SlaB for maintaining polarity than hyphae, because secretory vesicle transport would be less dependent on the actin cytoskeleton in the latter, where the MT cytoskeleton has been set in place. However, shift-down experiments showed that this is not the case, as SlaB is required for normal apical extension even when hyphal tips have progressed well beyond germlings. SlaB downregulation in hyphae results in hyperbranching and formation of markedly swelled, abnormal hyphal tips. The complete absence of SynA polarization and the strong labeling of the plasma membrane observed across the whole length of these hyphae is indicative of deficient endocytosis. Therefore, correlation between normal hyphal tip growth and efficient endocytosis appears to indicate strongly that the latter plays an important role in polarity maintenance.
However, although this conclusion appears to be firmly established, it should be taken with some caution. Thus far, genetic evidence supporting the role of endocytosis in hyphal tip growth is based on the inactivation of endocytic genes with F-actin regulation capabilities. Abnormal germlings that had been cultured on ammonium contain large aggregates of Factin, visualized with fluorescently tagged AbpA. Similar Factin accumulations were eventually observed near the hyphal tips and branches of hyphae that showed typical polarity defects upon SlaB downregulation. Thus, although this and work with A. oryzae (20) unequivocally establish that SlaB Sla2 is required for endocytosis, we cannot formally rule out that in addition to endocytosis, F-actin misregulation also contributes to the polarity maintenance defects displayed by slaB1 cells.
S. cerevisiae Sla2p (26, 55) , which is essential for endocytosis, is thought to inhibit Arp2/3-mediated F-actin polymerization driving actin patch internalization until a signal releases its inhibitory effect (26) , in agreement with the finding that the Sla2p mammalian orthologue Hip1R, in complex with cortactin, prevents actin filament "barbed end elongation" (29) . Thus, unrestrained actin polymerization due to the absence of SlaB may have consequences beyond endocytosis. For example, S. cerevisiae sla2 mutations suppress the hyperabundance of actin cables resulting from a formin-deregulated mutant, possibly by depleting actin monomers (56) . Hyphae downregulated for SlaB contain numerous septae (see Fig. S1 in the supplemental material), and 38 out of 88 abnormal germlings directly germinated on ammonium presented a basal septum, which argues strongly against actin monomer deficiency being large field; b2, the inset was enlarged at double magnification to facilitate direct comparison with a2; b3, a branch near the tip; b4, a dichotomous tip. (C) Examples of slaB1 cells cultured for 10 h on 10 mM nitrate medium and shifted to ammonium medium without latrunculin B. c1, a hypha which had undergone multiple branching events; c2, a hyphal tip cell with characteristic "deer antler" morphology. the underlying cause of the defective polarity maintenance (septation is F-actin dependent). However, we cannot rule out the possibility that actin/AbpA clumps titrate a key actin-regulatory factor which is required to organize actin microfilaments elsewhere (for example, in the Spitzenkörper). Abortive SlaB-deficient germlings display very large and deep invaginations of the plasma membrane. It is tempting to speculate that the absence of SlaB leads to excessive F-actin polymerization in association with endocytic patches, thus driving these deep invaginations of the plasma membrane. If this is true, these large structures would be ideally suited to gain insight into the ordered pathway leading to endocytic vesicle internalization (27) , using immunoelectron microscopy (24) .
Finally, our method to generate conditional expression alleles should be of general applicability to investigate the functions of essential A. nidulans genes. Our system has, we believe, significant technical advantages over those already in use, including a very low level of expression under repressing conditions, the possibility of fine-tuning the levels of synthesis, and, importantly, the fact that both the physiological inducer and the repressor are favorable nitrogen sources.
